As water hydraulics is more and more highlighted in wide applications, many varieties of research on design, materials and manufacturing methods of water hydraulic components have been carried out. Especially, water hydraulic piston pump used to be the subject of study in relation to its relative sliding movement. In these relative sliding parts, the leakage and friction probably took place because of the characteristics of low viscosity and poor lubrication of water. In order to reduce the leakage and friction, the relative sliding parts are filled up nearly by using engineering plastic as an anti-wear material on sliding parts. Compared with an oil hydraulic system, a water hydraulic system has fundamental disadvantages of large friction, high leakage, high wear, corrosion, etc. A mechanism of rod type piston was considered to reduce friction of the piston's movement in a water hydraulic piston pump. Friction and leakage of the rod type piston was analyzed and compared with those properties of the conventional plunger type piston. An experimental device was set up to evaluate friction and leakage of those pistons. A PEEK piston was also tested as another alternative piston of a water hydraulic pump.
NOMENCLATURE
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INTRODUCTION
In order to save oil energy and protect the environment, it is needed to reconsider the use of the existing oil hydraulic system, which uses a petroleum fuel. As a result, a water system is aroused our interest again in power transmission, and recently various studies have been conducted on water hydraulic systems that use a water as a hydraulic fluid, since water has cleaner and more economic advantages, as well as excellent safety against fire, ease of access, convenient management, and easy recycling, than oil. [1] The most basic component in an oil or water hydraulic system is a pump, which make and supply the power on system. And, almost pump in water hydraulic system is adopted the piston pump for more high pressure on the system, when compares to other types. The water hydraulic piston pump is almost the similar structure of oil hydraulic piston one. However, the water hydraulic piston pump requires special design concepts for each sub components due to the difference in physicochemical properties between oil and water. [2] Also, these researches on water hydraulic components and systems are made actively in Kitakawa Lab. of Tokyo Institute of Technology, Ikeo Lab. of Sophia University, and Sanada Lab. of Yokohama University, etc. In addition, the Nessie Water Hydraulics of Danfoss in Denmark and the Ebara Research Institute in Japan are producing and selling water hydraulic systems as well as pumps/motors, actuators, and valves.
PISTON AND BIRFIELD JOINT
In conventional piston type pumps, the plunger type piston is mostly used. But high friction is occurred between plunger type piston and cylinder bore through relative sliding movements, as shown in Figure 1 . Because friction and wear results from the lateral force on the edge of both ends of a plunger type piston is highly intensive, there is a need for another piston design that can reduce this lateral force. In this paper, as a method to reduce the lateral force, rod type piston with a ball-socket joint of both spherical-surface ends, as shown in Figure 2 , is applied. This will be make dispersion the concentrated load on the edges by offsetting the lateral force from the spherical joint, even though the piston is affected by the lateral force as it moves in the bore of the cylinder block. However, the rod type piston requires an assisting mechanism for special operation. Generally, the plunger type piston is acted on the lateral force when the pump shaft rotates and the piston shoes slides on the swash plate, but the rod type piston is rotated and moved not by the lateral force but by the structural combination of the tilting cam and Birfield joint. Birfield joint is located between the pump shaft and the tilting cam, as shown in Figure 3 , and supported to rotate with constant velocity. Besides, for smoother operation, the hydrostatic bearings are applied to the sliding components. Figure 4 shows the rotary group of water hydraulic piston pump proposed in this study. 
FRICTION Coulomb Friction of Plunger Pistons
In a plunger type piston pump, the power is transmitted through the side of the piston so that a strong lateral force is generated. As shown in Figure 5 , the lateral force takes or the strong concentrated force acts on each end of the piston, which is tilted to the side. The large concentrated force at the contact point makes coulomb friction and the viscous friction generated equally around the piston. The coulomb friction force is expressed the following Equation (1).
Here, λ represents the coulomb friction coefficient. In order to predict the effect of the coulomb friction, the equilibrium equation of the force can be used for the analysis.
From the equilibrium equation of the y-axis force and the moment for the zero point, it can be expressed as follows:
The moment equilibrium equation in Equation (3) omitted the viscous friction because the viscous friction that works around the piston is proportionally distributed in the center point of the piston, zero. If, , which is the force applied to the piston shoe from the swash plate, is to be measured with the load cell, it is useful to express the coulomb friction for . If the coulomb friction is induced using Equation (1), (2) , and (3), it is as follows:
Equation (4) shows that the coulomb friction on the piston can be expressed with the proportion function of , which is the force on the piston shoe from the tilting plate. In addition, the proportion coefficient is the value determined with the size and friction coefficients of the piston.
R F
The coulomb friction force on the plunger piston is determined by the tilting angle of the swash plate, and the tilting angle usually ranges from 14 degrees to 18 degrees so it has a very large friction force. In the motion equation for the piston movement direction (x-axis direction), if the inertia force and friction force of the piston are to be ignored, since they would be smaller than the force of the pressure, , the force on the piston from the swash plate can be approximated as follow:
When Equation (5) is substituted in Equation (4), it is as follows.
This shows that the coulomb friction force on the plunger type piston increases in proportion to the discharge pressure of the pump.
Coulomb Friction of a Birfield Joint and Rod type Piston
The configuration of a pump that applied a Birfield joint and rod type piston shown as Figure 4 . Most of the torque is transmitted from the main shaft of the pump to the tilting cam through the Birfield Joint. As shown in Figure 6 , out of the reacting force generated from the tilting cam; The coulomb friction force of the rod type piston can be expressed with the proportion function of , the force on the piston shoe from the tilting cam. The proportion function is very small due to the small effect of, and as a result, the coulomb friction is very small. Therefore, it can be determined that the rod type piston used in pump having the Birfield Joint has a smaller friction force than the force of the plunger piston, which is shown in Equation (6) Here, refers to the contact area. The viscous friction force is irrelevant to the configuration of the piston. However, the rod type piston is very good for shortening the length of the contact point of the piston, L = . When the length of the contact point of the piston is shortened, the contact area becomes smaller so that it receives a smaller viscous friction force than the plunger type piston. Figure 7 , the dynamic viscosity of water is 1/100 of that of petroleum oil (in a temperature of 20 ), ℃ so the leakage for the same clearance can be very different from that of oil.
LEAKAGE

As shown in
Figure 7 Kinematics viscosity of water and oil
The clearance between the piston and bore can be expressed as Figure 8 . The leakage equation, which determines the leakage of this clearance, is expressed as follows: [5] The biggest factors that determine the leakage flow rate, , are the contact length and the clearance. Therefore, when considering the viscosity of water, the clearance between the piston and the cylinder should have a very small value and the contact length should be increased in order to reduce the leakage.
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However, an increase in contact length increases the viscous friction force, so it is difficult to have the right contact length. Therefore, a precise processing technique that minimizes the clearance of the contact point is required. Equation (13) shows that the configuration of the piston is irrelevant to the leakage of the piston. However, the eccentricity ( e ) between the piston and the bore is affected by the configuration. As shown in Figure 5 , the plunger piston has a maximum value for the eccentricity ( e ) when the inside of the bore is tilted. Therefore, the leakage flow rate will have a maximum value. When the rod type piston and Birfied Joint are applied, the eccentric value ( ) would be relatively small and so the leakage flow rate would also be small. e TEST Test Equipment As shown in Figure 9 , 3 types of pistons were prepared for the test; plunger piston, rod piston, and PEEK plunger piston. In order to measure and compare the friction and leakage of these pistons, the test apparatus as Figure 10 was made. 
Friction Test
The test was done with water pressure of 10 bar, 20bar, 30bar and 40 bar. In order to measure the friction, the sine wave signal was input to the servo value to move the piston. As mentioned in previous, the shape of the piston (whether it is plunger type, rod type, and PEEK material) affects the Coulomb friction and is irrelevant to viscous friction. Therefore, the research mainly performed tests to measure the Coulomb friction and compared the results.
As shown in Equation (6) and (9), the Coulomb friction can be determined with the force from the tilting cam to the piston shoe, . Therefore, was measured using the load cell sensor.
The test was done on each piston in the same condition. The sizes of 3 types of pistons were all the same overhang length of piston. The cylinder bore and clearance sizes were all same. Figure 11 shows the signal graphs of load cell measured at the pressure of 30 bar. The signal of the plunger type piston changes greatly in proportion to the sine wave signal. The load cell signal is very high when the plunger piston enters the cylinder bore and it becomes low when the piston reverses from the cylinder bore. On the other hand, the rod type piston had lower load cell signal. There was hardly any difference in the signals of forward motion and reverse motion of the piston. Figure 12 shows the coulomb friction force for the three types of pistons. The friction of Figure 12 was calculated from the load cell signal of Figure 11 . Such test result matches the theoretical analysis. In other words, when the rod type piston is applied to the water hydraulic pump, the friction is very small and has excellent lubrication. The friction for PEEK plunger type piston is smaller than friction for metal plunger piston, but it is much larger than the friction for rod type piston even though a new material, PEEK is applied as a material of plunger.
Results of Friction Test
Leakage Test
The leakage test was done along with the friction test.
The leakage test was done after 30-second initial operation and the system was settled to steady state. The leakage amount was measured using a stop-watch and electric weight scale. The test was done on each piston in the same condition. The sizes of 3 types of pistons were all the same overhang length of piston. The cylinder bore and clearance sizes were all same.
Results of Leakage Test
Leakage is not related to the material of pistons. The leakage test was done only on plunger type and rod type, and Figure 12 shows the leakage flow measured at the test. In 15 bar, the leakage flowrate of the rod piston doubled the leakage flowrate of the plunger piston when the piston is stopped. Even when the piston is operating, the leakage flowrate of the rod piston was four times greater than that of the plunger type. In 30 bar, the results were similar to the results in 15 bar condition. The leakage of rod type piston was greater than the plunger type piston because the rod type piston was 1/2 the length of the plunger type piston and the resistance length for the leakage flow was shorter. In other words, the length of the piston should be extended in order to reduce the friction and leakage flow with the rod type piston.
CONCLUSION
In the plunger type piston pump, the lateral forces on the edges of the plunger piston are the source of friction and wear, so a ball socket joint piston rod with spherical surface ends was proposed. When the rod type piston is applied, it is rotated and moved by the tilting cam, so a Birfield joint was applied to the space between the pump shaft and the tilting cam as a constant velocity joint. The study examined friction in the piston and the cylinder for pumps with a plunger type piston and a rod type piston. As a result, the friction of the rod type piston was a lot smaller than the friction of the plunger type piston. The PEEK plunger piston has low friction compared to the metal plunger type piston but the friction is much larger than the friction of the rod type piston. The engineering plastic, PEEK, seems to be not so effective as the rod piston in reducing the friction of piston. The leakage flowrate is irrelevant to the structure of the piston but it is determined by the contact or overlap length and clearance between cylinder bore and piston. In the test of the research, the rod type piston had twice larger leakage flowrate than the plunger and this is why the length of the rod type piston is 1/2 length of the plunger type. In order to reduce the leakage flowrate, the overlap length of the piston should be extended. The study results show that the pump with the rod type piston and Birfield Joint is better than the conventional plunger type piston pump.
